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This article focuses on the problem of guide-vane vibrations of reversible pump-turbines, 
especially, in the pump mode. These vibrations are transmitted to the guide-vane shaft 
torque. The guide-vane vibrations are caused by the impeller exit flow, which has a 
turbulent and partly nondeterministic property. Experimentally determined flow velocities 
at the impeller exit are given. The mathematical models for theoretical torsional vibration 
prediction formulated using linear and nonlinear differential equations are presented. 
The results of theoretical calculations are compared with measurement results. The 
possibility of transferring the parameters from the model to the prototype is discussed. 
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INTRODUCTION 
When a pump is operating at partial load, the fluid 
flow at the impeller is characterized by a period 
pressure, especially at smaller output capacities. 
These flow pressure pulsations are transmitted to 
flow velocities and have a periodic pulse shape. 
The flow excites oscillations of the guide vane 
(GV). A small nonlinearity exists in the GV tor-
sional vibrations caused by flow turbulence. For 
the optimization of GV profiles and the shaft loca-
tion, the flow pulsation properties (load), dynamic 
behavior of the GV (structural vibrations), and its 
coupling effect must be known. In major cases the 
shaft diameter is limited by the GV profile 
thickness. 
Testing Pump-Turbine Model System and 
CV Torque Measurement System 
The experimental system consists of a driving part, 
simplified pump-turbine model (SPTM), and en-
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trance pipe system (Fig. 1a). It is installed in the 
Laboratory for Turbine Machines at the Faculty of 
Mechanical Engineering, University of Maribor. 
The SPTM radial impeller has a constant width 
(bz) and 11 cylindrical blades (Zi = 11). The guide 
apparatus of the SPTM has 24 GVs (zGV = 24), 
12 stay vanes (zsv = 12), and a volute casing on 
the exit (Fig. 1b). The system for GV torque mea-
surement (Fig. 2) is based on the elastic torsion 
distortion measurements at the thin wall of the 
GV shaft. At this location the strain gauge strips 
(HBM LY13) are bonded. The strips are con-
nected into the full Wheatstone bridge. This strip 
connection allows the temperature compensation. 
The strips are placed enclosed in the shaft axis at 
an angle of 45° to the shaft axis, because in this 
direction the main torsional stress effects are 
found. In this way, the bending stresses are also 
partly compensated. (The shaft is fixed as a canti-
lever beam with one axial support point on the 
opposite side.) The measurement system is cali-
brated using weights each time before measuring. 
CCC 1070-9622/97/030153-10 
153 
154 Predin 
a) 
\ 
\ 
b) 
.~._L-¢ __ 
. I ~I I 
FIGURE 1 (a) Testing model system and (b) simplified pump-turbine model. 
The response is almost linear and the calibration 
response repetition is satisfactory. The measure-
ment system natural (eigen) frequency and its 
damping coefficient are determined by impulse 
response (free decay method). The natural fre-
quency is lower than the flow pulsation frequency. 
FLOW VELOCITIES AT IMPELLER EXIT 
The flow pulsation at the impeller exit could be 
caused by the relative circulation flow at the indi-
vidual impeller channel. This circulation flow can 
be represented by relative flow velocities. Super-
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FIGURE 2 Measurement system for guide-vane torque measurement. 
position of flows through the impeller increases 
the relative velocity at the lower surfaces of the 
blade and reduces the velocity at the upper surface 
of the blade (back curved impeller blade). The 
result is a component in the tangential direction 
(B - B ' ) opposite to the absolute flow velocity com-
ponent in the tangential direction ell2 at the dis-
charge (Fig. 3a) and an additional component (D-
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FIGURE 3 (a) Discharge velocity triangle and (b) 
entrance velocity tri angle. 
D' ) in the direction of e lll at the impeller channel 
entrance (Fig. 3b). A study of velocity components 
of discharge velocity triangles (Fig. 3) will reveal 
that the relative circulation of fluid within the im-
peller blades has the effect of decreasing the flow 
discharge angle from blade angle f32 to f3~ and abso-
lute flow velocity angles at discharge a 2 to a~ , re-
spectively. This means that the flow velocities at 
the impeller discharge pulsate in an absolute direc-
tion and in the direction of the flow velocity angle. 
The flow pulsation frequency is determined by 
(1) 
where n i is the impeller rotation speed and Zi is 
the number of the blade. Reynolds ' idea was to 
separate flow velocities into its mean and fluctua-
tion components. Therefore, the instantaneous 
flow velocity at the impeller exit can be deter-
mined as 
U = U + u, (2) 
~here U( e'l> en,) is the flow velocity plane function , 
U is its mean value, and u is its fluctuation value. 
The overs core denotes the average value of the 
fluctuation velocities , so by definition 
u' = u - Ii, 
Ii ' = ~ f: (u - Ii) dt = Ii - Ii = 0, (3) 
which allows the possibility of averaging the abso-
lute values of the fluctuation velocities. The non-
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Table 1. Relative Flow Turbulence Intensity 
Q/Qopt 
Ti 
0.15 
0.31 
0.77 
0.17 
1.00 
0.13 
1.23 
0.17 
zero value of the turbulence fluctuations is deter-
mined as the root mean square value, 
u' = Vfi2. 
The relative intensity is defined by the ratio 
. u' Tl =-=. 
U 
(4) 
(5) 
The mean value for the time average turbulence 
is determined by 
- 1 JT U = lim 2T U dt, 
T~oo -T 
(6) 
where T is the average time. The turbulence inten-
sity is 
1 
- (e /Z + e/Z) 2 u m, (7) 
where e is V e~ + e~, and e~, e:r, are fluctuations of 
absolute flow velocity in the tangential and merid-
ian direction. The relative flow turbulence inten-
sity values are given at four capacities (Table 1). 
By increasing the capacity up to the optimal 
capacity (the capacity at the best efficiency op-
erating point), the flow pulsation amplitudes de-
clined. With a further capacity increase over the 
optimal capacity, the pulsation flow amplitudes 
again increased. The flow velocities were mea-
sured at the impeller exit by an anemometer sys-
tem (DISA SSM) with a one channel hot wire 
probe (DISA SSPll). The measurement points at 
the measurement diameter D 3m are arranged by 
2° at the impeller exit (Fig. 4). The flow velocities 
are measured in absolute, meridian, and tangential 
directions at the apparent streamlines at the impel-
ler width (b2/2). The flow velocities are given in 
the tangential direction in nondimensional form, 
(8) 
by head coefficient l/J in the time-history record 
(Fig. Sa). The absolute flow velocity angle a2 is 
given in a nondimensional form 
(9) 
where a2.th is the theoretically determined exit flow 
velocity angle of absolute velocity ez, in the time-
history record as well (Fig. Sb). Pulsation head 
coefficient and exit flow angle are evident from 
the time-history records (Fig. 5). The frequency 
of velocity measurements data is exactly equal to 
--
--£ 
_____ ----- Stay Vane 
-----~ I 
FIGURE 4 Measurement sector-measurement points on diameter D 3m . 
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FIGURE 5 (a) Time history record of heat coefficient and exit (b) flow velocity angle coefficient. 
the flow pulsation frequency (forced blade passage 
frequency), which is determined by Eq. (1). The 
pulsation amplitude is decreased by increasing ca-
pacity up to the optimal capacity. This is evident 
from power spectra records (Fig. 6). The flow pul-
sation amplitudes increase again when the capacity 
increases over the optimal capacity. This is proba-
bly a consequence of prerotation flow in the en-
trance pipe. Under optimal capacities the prerota-
tion flow has the same direction as the impeller 
rotation. At optimal capacity the prerotation flow 
is zero, and over optimal capacity the prerotation 
flow has the opposite direction with respect to the 
impeller rotation. 
Torque at the GV Shaft 
Torque at the GV shaft is a consequence of the 
hydrodynamic force acting on the GV profile. The 
pulsating GV torque could be expected, because 
the flow has a pulsating and partly turbulent nature 
(especially in pump operation mode). This can be 
resolved into three basic components: mean or 
static torque, pulsation or oscillation deterministic 
torque, and nondeterministic or stochastic torque. 
The mean torque part is measured and the signal 
is averaged (t = 3 s) at different capacities. The 
pulsation torsional oscillations arise because ofthe 
flow induced GV vibrations. These torsional oscil-
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FIGURE 6 Power spectra records of absolute flow velocity C2u for capacity ratios: 
Q/Qopt = 0.15 (a), Q/Qopt = 0.77 (c), Q/Qopt = 1.00 (b) and Q/Qopt = 1.23 (d). 
lations can be treated separately: first, as GV vibra-
tions induced by a relatively uniform flow (turbine 
operating mode) and second, as pulsating flow in-
duced GV oscillations (pump operating mode). 
The stochastic torsion oscillation is a consequence 
of flow turbulence present in turbine and pump 
operating modes. The pulsation and stochastic GV 
torsion oscillations constitute the vibrating time 
varying torque. The pulsation GV shaft torque is 
measured using an AID board. The sampling time 
is 0.0001667 s per channel. Six measurement series 
data are given in a time-history form as a function 
of the model operating capacity (Fig. 7). The 
torque amplitudes are normalized with respect to 
the maximal amplitude (AIAmax). The maximal 
amplitude is measured at minimal capacity (QI 
Qopt = 0.15). 
The basic equation of motion governing tor-
sional oscillation with damping is 
Ieff) + 2lete® + ke0 = F(t), (10) 
where F(t) is the external excitation, ke represents 
the stiffness of the shaft material, te is a damping 
coefficient, and Ie denotes the torsional moment 
of inertia of the measurement system (GV with 
shaft). As mentioned before, the GV torque vibra-
tions in the turbine operation mode have to be 
treated as flow induced vibrations in the relatively 
uniform flow. Equation (10) can be rearranged for 
turbine operation mode as 
where Ie denotes the torsional moment of inertia 
of the GV, 0 is the torsional oscillation angle dis-
tortion, ke represents the GV shaft material stiff-
ness coefficient, L is the foil (GV profile) chord, 
CL is the lift coefficient, and a is the distance be-
tween the point where the hydrodynamic force is 
applied (in the direction of the foil chord) and the 
GV shaft axis. Divergence or stability velocity of 
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an airplane wing foil (Blevins, 1990) occurs where 
the flow velocities are much larger than the flow 
velocities of a spiral volute pump-turbine. This is 
the reason that the probability of GV oscillation 
in turbine operation mode is very low. But, as an 
exact study of flow in the turbine operating mode 
shows, the flow is not uniform, because the runner 
has an influence on the flow in the guide apparatus. 
This is especially reflected in the boundary layer 
on the GV surface (Fisher et aI., 1994). 
In the pump operation mode the GV vibrations 
must be treated as pulsating flow induced vibra-
tions. The simple mathematical model can be ex-
pressed by Eq. (10) and represents rigid-body 
forced oscillations, 
where A atp is the amplitude of the alternating 
torque part. The results obtained using this model 
are given in a publication by Pre din and Popovic 
(1993) and with respect to the flow turbulence in 
an article by Predin and Popovic (1994). But these 
mathematical models do not treat the GV vibra-
tions as a coupled problem between a rigid-body 
oscillation and flow pulsation. So, in pump op-
erating mode, the GV vibrations must be treated 
as a coupled problem between solid structure oscil-
lation and fluid flow pulsation. In Eq. (11) the 
pulsation flow velocities absolute flow velocity at 
the impeller exit are considered in the following 
form: 
C = C2 + C2,p cos wt. (13) 
In Eq. (13) C2,p is the flow velocity pulsation ampli-
tude. By inserting Eq. (13) into Eq. (11) we have 
fee + 2fete0 + kee 
1 (14) 
= a 2: pc2LcL(C2 + 2C2C2,p cos wt + d,p cos2wt). 
By introducing new constants (A" An), Eq. (14) 
can be rewritten as 
.. . ke 
e + 2tee + - e = AI + cos wt + An cos2wt. fe 
(15) 
The first term on the right side contributes only 
to the static part of torsional oscillations and can 
be neglected. Equation (15) can be rearranged 
into the following system of equations: 
A!A~: II I 
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FIGURE 8 Time history record of pulsation torque 
compared to theoretical results of mathematical model, 
Eq, (15). 
.. , ke 
e + 2tee + -f e = cos wt, 
e 
(16a) 
(16b) 
(16c) 
where An is a constant proportional to the ratio 
of mean flow velocity and pulsation flow velocity 
amplitude. The complete solution of equation sys-
tem (16) is the sum of the individual solutions of 
Eq. (16a-c): 
(17) 
Figure 8 shows a good correlation between Eq. 
(17) results and experimental results. In this sum 
of solutions (17) the first higher harmonic of flow 
(forced) frequency is also considered. By classic 
treatment, considering only the rigid-body oscilla-
tion, this higher harmonic can be overlooked. With 
initial conditions taking into account the flow tur-
bulence, 
es - Ti ::5 eo ::5 es + Ti, 
0s - Ti ::5 00 ::5 0 s + Ti, (18) 
we get satisfactory results in the sense of non deter -
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FIGURE 9 Time history record of pulsation torque 
compared to theoretical results for mathematical model, 
Eq. (15), considering flow turbulence. 
minis tic pulsation torque changes (Fig. 9). Obvious 
stationary GV oscillations are created after ap-
proximately 900 impeller rotations; this corre-
sponds to a start time (t = 45 s) at the impeller at 
1800 rpm. The natural GV oscillations in complete 
GV vibrations are not dominant. Their influence 
is relatively small for stationary oscillations. The 
reason why the GV oscillation or its amplitudes 
do not reach the resonant condition, even under 
synchronous flow excitation, can be explained by 
the nature of the fluid flow. The fluid flow at the 
impeller exit simultaneously excites and damps 
GV vibrations with respect to the flow conditions 
(absolute flow velocities and its angle changes). 
To consider this fact the variable system damping 
factor is dependent on the torsional distortion 
angle, 
(19) 
where ge = 0.00577 N slm and g = gel ge,cr = 0.04. 
Equation (15) can be expanded into the nonlinear 
differential equation, by considering damping fac-
tor as an angle 8 function: 
" . ke 8 + 2(ge cos 8)8 + - 8 = AI + cos wt 
Ie (20) 
The results (Fig. 10) of this nonlinear mathemati-
cal model, Eq. (20), using a numerical integration 
method, are similar to the linear solutions. This is a 
consequence of a relatively small system damping 
coefficient, which has a small influence on the 
dominant forced oscillations in GV vibrations. 
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FIGURE 10 Time history record of pulsation torque 
compared to theoretical results of mathematical model, 
Eq. (21), considering flow turbulence. 
Anyway, a nonlinear mathematical model is much 
more sensitive to the initial conditions than the 
linear model, because the natural GVoscillation 
depends on damping and start time. 
This small nonlinearity, which is taken into ac-
count in the differential equation by the variable 
damping coefficient depending on angle 8, is too 
small to cause any nonstable GV torsional vibra-
tions. The GV vibrations remain stable. 
VIBRATION PARAMETER TRANSFER 
FROM MODEL TO PROTOTYPE 
Complete mapping of all parameters from model 
to prototype is practically impossible. It is very 
difficult to reach even Reynolds number equality, 
especially when the model operates in air and the 
prototype in water. The geometric similarity be-
tween the model and prototype can be easily 
reached, because only the length scale must be 
equal (Buckingham's II theorem; Shames, 1992). 
In the case of the above given GV vibration, we 
must proceed from the coupled effect of rigid-body 
oscillations and flow pulsation, or by considering 
hydro elastic vibrations. Flow similarity is consid-
ered in the so-called Strouhal similarity, which is 
treated in whirl flow frequency mapping (Jacob, 
1994) on the GV surface. The Strouhal number, 
which can be determined from the Froude number 
equality and kinematic similarity, is 
St = wL = 21TfL = wd =fd , (21) 
C2 C2 21TC C2 
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where d is the hydraulic diameter of the GV. Equa-
tion (21) can be used for mapping the "third torque 
part" (effect of flow turbulence), where I repre-
sents the frequency of rising whirls in the boundary 
layer on the GV surface. Basic, or forced, fre-
quency ("second torque part") of flow pulsation, 
or its influence on GV oscillations, can be mapped 
directly from the frequency ratio 
lo,m Zi.mnm 
Io,p Zi,pnp (22) 
between the model and prototype, and similarity 
of the natural frequencies of GVs, with 
(23) 
where km and kp are the stiffness of the GV shaft 
of model and prototype; Em and Ep are the Young's 
modulus for the shaft material of the model and 
prototype, and Pm and pP are the densities of the 
G V and shaft material of the model and prototype. 
CONCLUSIONS 
By considering the GV oscillations and fluid flow 
pulsations as a coupled problem, the first higher 
harmonic of forced frequency can be treated in 
common GV vibrations. The higher harmonic is 
neglected by treating the GV vibrations as rigid-
body oscillations. In the experimentally deter-
mined frequency spectrum record, this forced fre-
quency first higher harmonic is present. Estima-
tion of this higher harmonics frequency amplitude 
equivalent to the ratio between the mean and pul-
sation velocities gives a good approximation for 
amplitude determination. 
The linear mathematical models results corre-
late well with the experimental measurement re-
sults by use of the turbulent coefficient in initial 
conditions of differential equations, by frequency 
response, and in oscillation forms in the sense of 
nondeterministic individuality of repetition mea-
surements. 
The results of the nonlinear mathematical 
model do not differ significantly from the linear 
model results. This is a consequence of the small 
damping coefficient, and the small influence of the 
natural oscillation on common GV oscillation in 
stationary conditions. 
Changeable fluid flow angle at the impeller exit 
and changeable system damping limits the GV 
oscillation amplitudes so that they stay finite, even 
by synchronic GV excitation by pulsation flow. 
When considering the starting time in presented 
theoretical forms of GV torsional oscillations (t = 
45 s), the small influence of natural oscillation on 
common GV oscillation is evident. This condition 
shows that the steady-state GV oscillation after 
the start time after 900 impeller rotations is re-
stored. This is also confirmed by measurements. 
The presented hydrovibration parameter trans-
fer from model to prototype may be used to obtain 
satisfactory results in predicting the influence of 
GV oscillations on the operating behavior of 
pump-turbines. 
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